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Abstract: A single polyaniline nanofiber field effect transistor (FET) gas sensor fabricated 
by means of electrospinning was investigated to understand its sensing mechanisms and 
optimize its performance. We studied the morphology, field effect characteristics and gas 
sensitivity of conductive nanofibers. The fibers showed Schottky and Ohmic contacts 
based on different electrode materials. Higher applied gate voltage contributes to an 
increase in gas sensitivity. The nanofiber transistor showed a 7% reversible resistance 
change to 1 ppm NH 3 with 10 V gate voltage. The FET characteristics of the sensor when 
exposed to different gas concentrations indicate that adsorption of NH 3 molecules reduces 
the carrier mobility in the polyaniline nanofiber. As such, nanofiber-based sensors could be 
promising for environmental and industrial applications. 
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1. Introduction 

Conducting polymers have attractive features such as mechanical flexibility, ease of processing, and 
modifiable electrical conductivity [1,2]. Among these materials, polyaniline (Pani) has been studied for 
many applications including logic circuit components [3], electromagnetic shielding [4], chemical 
sensing [5,6] and anticorrosion coating [7] due to its easy synthesis, room temperature operation, and 
relative environment stability [8,9]. Conductive polymer-based devices are fabricated and studied as 
field effect transistors (FETs), since they form the basic unit in digital circuits and semiconducting 
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components. The field effect also contributes to the improvement of chemical sensors [10]. In recent 
years an enormous amount of research has been devoted to the development of organic semiconductors 
and nanostructures [11,12]. 

Due to its high toxicity, the detection of NH3 in air is desirable in the area of environmental 
monitoring and industrial process control. Conductive polymer and carbon nanotube (CNT)-based NH 3 
nanoscale sensors have been attracting considerable attention in recent years [13-15]. For many sensor 
applications in wireless transducer systems and portable devices, ultralow-power consumption will be 
required. We reported a single polymer fiber sensor which requires much less energy than conventional 
polymer film and CNT sensors [16]. 

Although the structure of nanosensors offers the prospect of high sensitivity and rapid response, the 
incorporation of nanostructures in sensor devices is limited by the difficulty in locating and electrically 
connecting the nanoscale sensors to the microelectrodes. In this paper, a single poly aniline nanofiber 
sensor has been utilized based on near field electrospinning [17,18]. We deposited polyaniline 
nanofibers in a controlled 2-D pattern without using a conventional lithography process. I-V 
characteristics were measured in order to differentiate the gas sensitivity results from charge transfer 
between adsorbed gas molecules and the conductive polymer channel or from the gas species induced 
Schottky barrier at the polymer-electrode contact. 

As a single nanofiber sensor, the signal-to-noise ratio is influenced by the ultra low working 
current [19]. The field effect can be an advantage for nanofiber sensors if the sensitivity of a system is 
limited by the signal-to-noise ratio. This sensor reaches a NH 3 sensing concentration under 1 ppm with 
a response time of less than 10 s. Results indicated the NH 3 sensor has the advantages of sensitivity, 
reversibility and dynamic character. 

2. Experimental Section 

Polyaniline nanofibers were synthesized by near field electrospinning. We investigated the effect of 
the composite content on the fiber morphology and properties. A 0.6:1 mole ratio of camphorsulfonic 
acid (HCSA) and polyaniline was dissolved in chloroform to 1.5 wt% concentration. The solution was 
magnetically stirred at room temperature. The resulting solution was filtered through a 0.45 |im syringe 
filter and 0.5 wt% polyethylene oxide (PEO) were added to the solution as plasticizer and stirred for an 
additional 2 h. 

A schematic depicting the working principle of the electrospinning process is shown in Figure 1(a). 
About 0.5 mL of solution was placed in a hypodermic syringe, and the needle was connected to 0.8 kV 
with respect to the grounded counterelectrode situated about 2 mm from the tip of the needle. As 
electric forces on the polymer droplet at the end of the needle overcome the surface tension, a jet is 
issued forth. The substrate was moved in a computer controlled trajectory at a rate of 30 mm/s. By 
applying different trajectories and speed, the quantity and position of the fibers can be controlled. 

As illustrated in Figure 1, two devices with different structures were employed in our experiments: 
(1) Pani fiber contacts with two gold electrodes (device A). A schematic of device A in an ambient N2 
environment with NH3 vapor molecules adsorbed on the fiber surface is shown in Figure 1(b). (2) Pani 
fiber, marked as device B, was also deposited on a gold electrode and n-doped silicon as shown 
schematically in Figure 1(c). Figure 1(d) presents a scanning electronic micrograph of a single 
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polyaniline fiber sensor lying across two gold electrodes. The average diameter of the fiber is 400 nm. 
The fiber length between two electrodes is 10 |im. In the gas sensitivity measurements, the current 
through the sensor was monitored at a fixed applied voltage. The sensor was positioned in a sealed 
chamber with gas flow inlet and outlet ports. Dry nitrogen gas was used as background gas during all 
the tests. 

Figure 1. (a) Near field electrospinning and device schematic, (b) Structure of device A. 
(c) Structure of device B. (d) SEM of single Pani fiber across two electrodes. (Inset) 
Higher magnification view of the single Pani fiber. 
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3. Results and Discussion 

Figure 2 shows the corresponding I-V curve for two devices. A linear response of device A 
confirms that the polymer contact with the gold electrodes is Ohmic. When the positive terminal of 
voltage supply was connected to the doped silicon terminal for device B, the forward biased diode 
response confirms the formation of Schottky barriers at the polymer and n-doped silicon contact. 
Device A is used to study the gas absorbance influence on the field effect of conductive 
polymer channel. 
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Figure 2. 1-V characteristics of device A (left) and device B (right). 
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Figure 3(a) shows the output characteristics of the device under different gate voltages (Vg). The 
source current (Is-d) curve demonstrates saturation at drain voltage (Vs-d) < ~6 V and the magnitude of 
the saturation current was controlled via the application of Vq. Is-d increases with increasing Vq 
demonstrates that the device operates as a FET, and also that the majority carriers are holes, as 
expected for doped poly aniline [20]. 

Figure 3. (a) Output characteristics of single Pani fiber. I D s versus V D s for four different 



gate voltage (Vg). (b) Transfer characteristics of single Pani fiber. I D s and I D s 
for V DS kept at 10 V. 
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The field effect hole mobility \i is calculated by equation: 

I D s = ^C i n(V G -V TH ) 2 



(1) 



where V T h represents the threshold voltage, W and L correspond to the fiber diameter and length 
respectively. Q is the gate dielectric capacitance per unit length. 
The capacitance Q can be calculated as: 

2TC££ 0 L 



Ci = 



(2) 



ln(2h/r) 

where r represents the radius of the fiber, so is the permittivity of free space, h and 8 represent the 
thickness (200 nm) and average dielectric constant of the device, respectively [21]. Using these 
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figures, we get the hole mobility to be 2 x 10 f 3 cm 2 /Vs. In Figure 3(b), the square root of the Is-d is 
on a straight line for high drain voltage. The square root of Is-d versus Vq is extrapolated to the Vg axis 
to obtain the threshold V T h (~3 V). 

A constant 5 V potential was applied on the source and drain electrodes for the real-time monitoring 
of the Pani fiber's response to NH 3 . The time-dependent current responses of the Pani fiber upon 
exposure to different concentrations of NH 3 gas in a nitrogen environment are shown in 
Figure 4(a). Under 0 V gate voltage, the sensor's working current decreased 2.7% when exposed 
to 1 ppm NH 3 gas flow. In contrast, a much greater current decrease of 7% for lppm NH 3 is obtained 
under Vq = —10 V. After pump nitrogen into chamber, the sensor recovers to more than 90% of 
original resistance in minutes. Device With -10 V gate voltage also showed greater current decrease 
when it was exposed to 5, 10 and 20 ppm NH 3 . The current noise level during test is below 0.1 nA. 
Considering the noise to signal ratio, the limit of detection is below 0.5 ppm NH 3 . 

Figure 4(b) shows the FET output characteristics of a Pani fiber sensor upon exposure to various 
NH 3 concentrations. The electrical characteristics of Pani single fiber were studied by monitoring I D s 
while sweeping V D s at a fixed value of Vg = _ 5 V. The effect of NH 3 molecule on Pani fiber is taking 
up protons from Pani, thus forming NH4+ and reducing carrier concentration. The sensor still follows 
the field effect characteristics while hole mobility |i decreased to 1.5 x 10~ 3 cm 2 /Vs when exposed 
to 10ppmNH 3 . 

Figure 4. (a) Real-time response to different concentrations of NH 3 at Vg = 0 V and 
Vg = -10 V. (b) FET output characteristics in different NH 3 concentrations at Vg = _ 5 V. 
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Devices have been cycled up to five times and good resistance reversibility can be observed from 
Figure 5(a). Each cycle was carried out in 10 ppm NH 3 and nitrogen after saturation occurs in the 
presence of either gas. The extracted sensitivities, S = AR/Ro, of the Pani nanofiber under two gate 
voltages and CNT sensor are shown in Figure 5(b). Each data point in the plot is collected by five 
repeated measurements for the error estimation. Sensitivity improved when the gate potential was 
increased from 0 V to -10 V, as can be seen from Figure 5. This improvement indicates that the single 
Pani fiber sensor offers tunable sensitivity with field effect. This test result is compared to our previous 
work on CNT dielectrophoresis deposition. Sensitivity is improved while current consumption 
decreased from the milliampere level to microamperes [16]. Decreased working current made the 
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sensor suitable for applications in portable devices and the FET structure will enhance the signal-to-noise 
ratio when the working current is too low. 

The single fiber FET structure places the gate and dielectric below the active layer. The top-contact 
and bottom-gated structure contributes to the simplification of the deposition procedures. Also, the 
semiconductor character of Pani fiber enables field effect enhancement of the sensor response. The 
gate dependence of NH 3 detection sensitivity can be attributed to the gate modulation of the carrier 
concentration in a nanofiber channel. The field effect transistor has the ability to amplify the signal and 
to gate-modulate channel conductance, so the sensitivity can be improved by adding a suitable gate 
voltage. The use of an insulating substrate and individually patterned gate allow the device parameters 
to be independently controlled and tested. Conductive nanofibers could be used as sensor arrays 
capable of detecting multiple chemicals due to the nano scale and ultra-low working current [22]. 



Figure 5. (a) Repeatability test with 10 ppm NH 3 (Vq = -10 V). (b) Sensitivity compare of 
Pani fiber sensor with or without gate voltage and CNT sensor. 
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4. Conclusions 

We have demonstrated a simple method for creating single nanofiber gas sensors integrating 
microfabricated electrodes and FET structures. Sensing mechanisms for a polyaniline based single 
fiber NH3 sensor have been systematically studied on a FET platform. I-V characteristic curves of the 
sensor show evidence of current saturation for Vs-d voltage biases. The dominant gas sensing 
mechanism of the Pani fiber is deprotonation of Pani by NH3, resulting in a resistance increase. The 
sensor exhibits high sensitivity (7% versus 1 ppm of NH3) with good tunability under appropriate 
gate voltages. 



Acknowledgements 



We greatly acknowledge the helpful discussions with Liwei Lin, University of California, Berkeley 
and Yinqi Jiang for help with micro-electrodes fabrication. 



Sensors 2011, 77 



6515 



References 

1. Bai, H.; Shi, G. Gas sensors based on conducting polymers. Sensors 2007, 7, 267-307. 

2. Lu, X.; Wang, C.; Wei, Y. One dimensional composite nanomaterials: Synthesis by 
electrospinning and their applications. Small 2009, 5, 2349-2370. 

3. Tseng, R.J.; Huang, J.; Ouyang, J.; Kaner, R.B.; Yang, Y. Poly aniline nanofiber/gold nanoparticle 
nonvolatile memory. Nano Lett. 2005, 5, 1077-1080. 

4. Joo, J.; Epstein, A. Electromagnetic radiation shielding by intrinsically conducting polymers. 
Appl. Phys. Lett. 1994, 65, 2278-2280. 

5. Virji, S.; Fowler, J.D.; Baker, CO.; Huang, J.; Kaner, R.B.; Weiller, B.H. Polyaniline nanofiber 
composites with metal salts: Chemical sensors for hydrogen sulfide. Small 2005, 7, 624-627. 

6. Arsat, R.; Yu, X.; Li, Y.; Wlodarski, W.; Kalantar-Zadeh, K. Hydrogen gas sensor based on 
highly ordered polyaniline nanofibers. Sens. Actual B 2009, 137, 529-532. 

7. Brusic, V.; Angelopoulos, M.; Graham, T. Use of polyaniline and its derivatives in corrosion 
protection of copper and silver. /. Electrochem. Soc. 1997, 744, 436-442. 

8. Huang, J.; Kaner, R.B. The intrinsic nanofibrillar morphology of polyaniline. Chem. Commun. 
2005, 4, 367-376. 

9. Liao, Y.Z.; Zhang, C; Zhang, Y.; Strong, V.; Tang, J.S.; Li, X.G.; Kalantar-Zadeh, K.; 
Hoek, E.M.V.; Wang, K.L.; Kaner, R.B. Carbon nanotube/polyaniline composite nanofibers: 
Facile synthesis and chemosensors. Nano Lett. 2011, 77, 954-959. 

10. Peng, N.; Zhang, Q.; Lee, Y.C.; Tan, O.K.; Marzari, N. Gate modulation in carbon nanotube field 
effect transistors-based NH 3 gas sensors. Sens. Actuat. B 2008, 732, 191-195. 

11. Janata, J.; Josowicz, M. Conducting polymers in electronic chemical sensors. Nat. Mater. 2003, 2, 
19-24. 

12. Sadek, A.Z.; Baker, CO.; Powell, D.A.; Wlodarski, W.; Kaner, R.; Kalantar-Zadeh, K. 
Polyaniline nanofiber based surface acoustic wave gas sensors — effect of nanofiber diameter on 
H2 response. IEEE Sens. J. 2007, 7, 213-218. 

13. Nicolas-Debarnot, D.; Poncin-Epaillard, F. Polyaniline as a new sensitive layer for gas sensors. 
Anal. Chim. Acta 2003, 475, 1-15. 

14. Virji, S.; Huang, J.; Kaner, R.B.; Weiller, B.H. Polyaniline nanofiber gas sensors: Examination of 
response mechanisms. Nano Lett. 2004, 4, 491-496. 

15. Zhang, T.; Nix, M.B.; Yoo, B.Y.; Deshusses, M.A.; Myung, N.V. Electrochemically 
functionalized single walled carbon nanotube gas sensor. Electroanalysis 2006, 78, 1153-1158. 

16. Wang, R.; Li, H.; Pan, M.; Chen, D. A Carbon Nanotube Gas Sensor Fabricated by 
Dielectrophoresis and Its Application for NH3 Detection', IEEE Computer Society: Minneapolis, 
MO, USA, 2009; pp. 6046-6049. 

17. Chang, C; Limkrailassiri, K.; Lin, L. Continuous near-field electrospinning for large area 
deposition of orderly nanofiber patterns. Appl. Phys. Lett. 2008, 93, 123111:1-123111:3. 

18. Sun, D.; Chang, C; Li, S.; Lin, L. Near-field electrospinning. Nano Lett. 2006, 6, 839-842. 

19. Offermans, P.; Tong, H.; van Rijn, C; Merken, P.; Brongersma, S.; Crego-Calama, M. 
Ultralow-power hydrogen sensing with single palladium nanowires. Appl. Phys. Lett. 2009, 94, 
223110:1-223110:3. 



Sensors 2011, 11 



6516 



20. Kuo, C.T.; Chiou, W.H. Field-effect transistor with poly aniline thin film as semiconductor. 
Synthet. Metal. 1997, 88, 23-30. 

21. Du, J.; Liang, D.; Tang, H.; Gao, X.P.A. In As nanowire transistors as gas sensor and the response 
mechanism. Nano Lett. 2009, 9, 4348-4351. 

22. Liu, H.; Kameoka, J.; Czaplewski, D.A.; Craighead, H. Polymeric nanowire chemical sensor. 
Nano Lett. 2004, 4, 671-675. 

© 2011 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.Org/licenses/by/3.0/). 



